Bioluminescent marine bacteria possess luciferase, which catalyzes the oxidation of reduced flavin mononucleotide and long-chain aldehyde to produce light. Temperature-sensitive mutants of these bacteria can be obtained which require exogenous aldehyde for light production at higher temperatures. In Beneckea harveyi. two classes of such mutants were found which differed with regard to their response to temperature shifts. In one class, a shift from permissive to nonpermissive temperature in liquid cultures resulted in a rapid (t,, a 3 min) loss of luminescence. In the other, there was no immediate decline in luminescence; it was the increase of luminescence that was blocked. Through studies of these and other effects of temperature shifts on the in vivo luminescence of these mutants, we conclude that at least two genes are specifically involved in the in vivo biosynthesis of aldehyde for the luminescence reaction and that both genes are coordinately controlled with that for luciferase.
Bioluminescent marine bacteria possess luciferase, which catalyzes the oxidation of reduced flavin mononucleotide and long-chain aldehyde to produce light. Temperature-sensitive mutants of these bacteria can be obtained which require exogenous aldehyde for light production at higher temperatures. In Beneckea harveyi. two classes of such mutants were found which differed with regard to their response to temperature shifts. In one class, a shift from permissive to nonpermissive temperature in liquid cultures resulted in a rapid (t,, a 3 min) loss of luminescence. In the other, there was no immediate decline in luminescence; it was the increase of luminescence that was blocked. Through studies of these and other effects of temperature shifts on the in vivo luminescence of these mutants, we conclude that at least two genes are specifically involved in the in vivo biosynthesis of aldehyde for the luminescence reaction and that both genes are coordinately controlled with that for luciferase.
The in vitro bacterial bioluminescence reaction involves the oxidation of reduced flavin mononucleotide (FMNH2) and a long-chain aliphatic aldehyde by molecular oxygen, with the concomitant emission of light (8, 9) . Rogers and McElroy (17) first reported a class of dark mutants which can be stimulated to emit light simply by exposing the living cells to aldehyde vapor. These "aldehyde" mutants are presumed to be somehow blocked in aldehyde synthesis or activity. But in fact, the identity of the aldehyde, or indeed its very existence in vivo, is not yet established.
More recently we reported mutants of this class which are conditional upon temperature (2) . These "temperature-sensitive aldehydestimulable" (TSAS) mutants can be as bright as the wild type below 26 to 30 C, but several orders of magnitude darker than the wild type at the nonpermissive temperature, 36 C. At 36 C, the cells may nevertheless synthesize wildtype levels of luciferase and will immediately luminesce in vivo at wild-type levels upon the addition of decanal to the culture medium.
Although these mutant cells were very dark after growth at 36 C, the luminescence of a culture grown at 25 C was only very slowly lost after warming to the higher, nonpermissive I Present address: Center for Pathobiology, University of California at Irvine, Irvine, Calif. 92664. temperature. More recently, mutants of a distinctly different type were found. In these, the light emission is extinguished rapidly after shifting from 26 C to 36 C. The experiments described here provide an analysis and comparison of these two types of mutants.
Aldehyde has now been shown to be a cosubstrate in the in vitro luminescence reaction, with the corresponding acid as the product (5, 12, 19) . On the assumption that the in vivo aldehyde factor is itself not temperature sensitive nor subject to mutation which would make it so, the most likely explanation for the aldehyde mutants is that they fail at the nonpermissive temperature to synthesize aldehyde or a factor analogous to it. Although we cannot as yet map the genes involved in aldehyde-factor synthesis nor identify the products of these genes, we have concluded that there are at least two genes specifically involved with the synthesis of aldehyde factor for the in vivo bioluminescence reaction, the expression of which appears sitive luminescence mutants were identified as strains whose colonies were bright at 22 C but dark at 36 C. Among these, strains were designated as TSAS whose colonies grown and kept at 36 C luminesced brightly only when exposed to decanal vapors.
Another screen involved growth at the permissive temperature followed by a shift to 36 C. Most Difco) , glycerol (2 ml), distilled water (200 ml), and sea water (800 ml). Solid medium contained in addition 14 g of agar (Difco). Cultures were grown with 75 ml (initial volume) of medium in 250-ml wide-mouth, fluted shake flasks (Bellco) and aerated by vigorous shaking in temperature-controlled shaking water baths (New Brunswick Aquatherm). Cultures were inoculated with no more than 0.2 ml of an overnight culture grown at 36 C.
Optical density (OD) of liquid cultures was determined at 660 nm in the Coleman Jr. spectrophotometer in which one OD unit corresponded to approximately 5 x 108 cells per ml at 32 C. Luminescence was measured with a photomultiplier-photometer (13) . Measurements on the cells during growth were made on 1-ml samples removed from the flasks at the times indicated, determined at 20 C within 15 s after being withdrawn. Where indicated, 200 gliters of an aldehyde solution was added by injection from a syringe to the sample during the actual light measurement. The solution was prepared by sonication of 10 gliters of decanal in 10 ml of distilled water, subsequently diluted 1:2 in fresh growth medium. The samples were discarded after use. Additional details are provided in the footnotes and figure legends. Table 1 and Fig. 1 'Expressed as in a; 35 ml were harvested by centrifugation when culture reached OD 5.0 + 0.2 (this is the point of peak luminescence at 26 C, 15 to 50 min after peak at 36 C, depending on strain). Cell pellets were frozen and then resuspended in 4 ml of distilled water at 4 C, lysed by sonication, and centrifuged to remove cell debris. Lysates were assayed for luciferase activity by the procedure in Hastings et al. (10) at 20 C, pH 7, with decanal. after the shift to the higher temperature, unlike TSAS-1.
RESULTS
Luciferase is not a constitutive enzyme, but is synthesized only during a specific period of growth in shake cultures (4, 15) . This appears to be attributable to a "conditioning" of the medium, involving both the removal of a specific inhibitor and the production by the cells of a specific inducer (6, 11) . In a freshly inoculated culture, there was no rise in luminescence and no luciferase synthesis in the early stages when the culture was at a low cell density and growth was normal and rapid. We term this the "luminescence lag period." When the culture reached a certain density (OD -0.5 at 36 C, in the medium indicated) "autoinduction" occurred: there was a rapid rise in luminescence, along with a concomitant synthesis of luciferase.
We found (see below) that the enzymes responsible for aldehyde-factor synthesis were produced only during the time when luciferase synthesis occurred, a period lasting just 125 min at 36 C. The rate of decline of TSAS-1 luminescence after the shift from 26 to 36 C ( Fig. 1) cence machinery could be compared during this period. ibstantially faster than TSAS-1. Five Although TSAS-1 developed aldehyde ter the shift, the two mutants showed stimulability somewhat sooner than the wild difference in their rates of lumines-type, perhaps reflecting a lower reserve of aldeease. The possibility that the rapid hyde-factor-synthesizing activity even at 26 C, ease in TSAS-F1 luminescence is due the initial rate of decline of luminescence where al of the temperature inactivation of decanal stimulability developed was nearly hich accumulated before the shift is identical to the decline in the wild type. The )y the fact that chloramphenicol ef-difference between the two curves occurred blocked the luminescence increase when the wild type resumed synthesis of lucifhift (95% or more when added 10 min erase and aldehyde-factor-synthesizing enshift at a concentration of 100 ug/ml zymes. for both TSAS-1 and TSAS-F1 (not The behavior of TSAS-F1 during this period contrasted dramatically with both the wild type et al. (15) found that decanal can and TSAS-1. Luminescence activity was lost the luminescence of the wild type in rapidly from the moment the cells were shifted t a low cell density during growth to 36 C. Figure 3 confirms the conclusion from initiation of luciferase synthesis, and Fig. 1 that it was only the increase in the rate of that aldehyde-factor synthesis is aldehyde-factor synthesis that was conditionntrolled with luciferase synthesis. ally blocked in TSAS-1, whereas with TSAS-F1 this conclusion was somewhat inse-it was the capacity to synthesize aldehyde use of the fact that the degree of factor per se that was temperature sensitive. ;imulability of the wild type which This indicates that the products of the TSAS-1 luring this period depends (among and TSAS-F1 genetic loci are different.
gs) upon the history of the inoculum; We have already presented evidence that the ere are some conditions under which synthesis of the TSAS-1 and TSAS-F1 gene do not become appreciably decanal products are jointly controlled with the syntheThe TSAS mutants allow a much sis of luciferase during the luminescence lag itive test for the production of alde-period. The experiment illustrated in Fig. 4 tr-synthesizing enzymes, since the shows that these two putative aldehyde-factor- synthesizing enzymes are also jointly controlled at the other end of the luminescence cycle: their synthesis was halted at the same time luciferase synthesis stopped. If a TSAS mutant was shifted from the restrictive to the permissive temperature at any point during its growth cycle where it was synthesizing the TSAS gene products, its capacity to synthesize aldehyde factor should have increased after the shift, and the luminescence in the absence of added aldehyde should have increased. On the other hand, if the cells were shifted at a time when the TSAS gene products were not made, there should have been no appreciable increase in aldehyde-factor synthesis after the shift, unless the thermal inactivation of the TSAS mutant products is reversible. The ability of a culture grown at 36 C to recover luminescence capacity when it is retumed to 26 C is plotted in Fig. 4 as a function of the point during growth (measured as OD) when it is shifted. To identify what point in the luminescence cycle corresponds to the point at which the culture was shifted, a curve was included showing luminescence (hence luciferase concentration) at the permissive temperature as a function of culture density. If a TSAS culture was grown at 36 C and then shifted to the permissive temperature any time after it had reached OD 4, there was no subsequent increase in luminescence (hence aldehyde factor) after the shift. As can be seen by the other curve, OD 4 corresponded to the point where luciferase synthesis stopped at the permissive temperature. DISCUSSION Temperature-conditional aldehyde-requiring mutants have obvious advantages for studies of the nature, synthesis, and control of this factor in vivo. Temperature shifts of the TSAS mutants at various points during the bacterial growth cycle allow us to determine the temporal control of aldehyde-factor synthesis and to distinguish mutant phenotypes that might be indistinguishable if nonconditionally expressed.
The fact that the luminescence of the TSAS-1 mutant type remains high after shifts to the nonpermissive temperature could be due either to continued aldehyde-factor synthesis at the restrictive conditions or to the presence of a pool of aldehyde factor which is only slowly depleted. The fact that there are "rapid-out" mutants (TSAS-F1) indicates that there cannot be a large pool, if we accept the assumption that the aldehyde factor is itself not temperature sensitive nor subject to mutations which would make it so. In our model (Fig. 5) Nealson and Markovitz (14) noted earlier, decanal does not seem to mimic the natural aldehyde factor since it cannot sustain a high level of luminescence in cells which lack their own factor. The stimulation of luminescence by decanal is only transitory. Either decanal does not resemble the natural aldehyde factor or the factor-synthesizing and recycling enzymes are not accessible.
The conclusion that the pool size of aldehyde factor may be small in relation to the turnover may explain the difficulties encountered in attempts to isolate the aldehyde factor from this organism (8) . In the one report of aldehyde (nonanal) isolated from luminous bacteria, there was no demonstration of its relation to the luminescent system (7); the use of aldehyderequiring mutants (TSAS types in particular) would provide the possibility for such a demonstration.
Analysis of mutants of luminescent bacteria is made difficult by the fact that the means for genetic transfer between mutant strains is not presently available. When the product of the gene under study can be isolated and physically characterized, such as is the case with mutations affecting luciferase (3), the difficulty is minimal. However, the problems are more severe in the study of other components of the luminescence system whose identity and mode of synthesis are unknown. We hope that in vivo characterization of the aldehyde-factor-synthesizing enzymes, as revealed by studies on TSAS mutants, will help in the eventual identification of these enzymes in vitro. For example, the TSAS-1 and TSAS-F1 gene products may be identifiable as altered proteins co-induced with luciferase. Direct identification of these proteins based on their enzymatic function is made difficult by the fact that aldehydes such as decanal will not mimic the aldehyde factor in vivo, and by the fact that attempts to identify and isolate aldehyde from this strain have been unsuccessful. The recent demonstration that a long-chain nitrite can replace aldehyde (1) is of special interest in this connection. In addition to its activity in the in vitro assay, it was shown to stimulate light emission in dark aldehyde mutants and, unlike aldehyde, to do so in a long-term nontransitory fashion. Analysis of its effect on the different classes of aldehyde mutants will be of considerable interest.
